Protein Synthesis in the Hair Follicle. II. Polysomes and Amino Acid Incorporation**From the Department of Biochemistry, University of Adelaide, Adelaide, S.A., 5000, Australia.  by Clarke, Rodney M. & Rogers, George E.
THE JoURNAL OF INVESTIGATIVE_ DERMATOLOGY 
Copyright © 1970 by The Williams & Wilkins Co. 
Vol. 55, No. 6 
Printed in U.S.A. 
PROTEIN SYNTHESIS IN THE HAIR FOLLICLE 
II. PoLYSOMES AND AMINo Acm INCORPORATION* 
RODNEY M. CLARKE, PH.D.t AND GEORGE E. ROGERS, PH .D. 
ABSTRACT 
Single ribosomes and polysomes were isolated from guinea pig hair follicle tissue by 
sucrose density gradient centrifugation and characterized by electron microscopy. Sin-
gle ribosomes are held together by ribonucleic acid to form polysomes in the follicle 
cell as indicated by the disaggregating effect of added ribonuclease. Furthermore, the 
ribosomal population incorporates labeled amino acids into protein and requires those 
factors necessary for protein synthesis in other systems. The effects of added inhibitors 
of protein synthesis as well as artificial mRN A on the incorporation activity of hair 
follicle tissue are discussed in respect to our present knowledge of keratin synthesis. 
Evidence has accumulated from many sources 
to suggest that the majority of proteins in mam-
malian tissues is synthesized on aggregates of 
ribosomes (polysomes) held together by 
mRN A.t While some proteins are formed on 
polysomes of uniform size, for example haemo-
globin (1) and ,8-galactosidase (2), it appears 
that other proteins, for example collagen (3) 
and lens crystallins ( 4) are synthesized on large 
polysomes of variable size. 
MATERIALS AND METHODS 
Isotopes. L-14C-leucine (specific activity, 311 
mCi/ mmole) and L_14C-phenylalanine (325 
mCi/ mmole), both uniformly labeled, were pur-
chased from New England Nuclear, Boston, U.S.A. 
Substrates, enzymes and other chemicals. L-
amino acids were obtained from Mann Research 
Laboratories, New York, U.S.A.; ATP and GTP 
from Calbiochem, Los Angeles, U.S.A.; PEP, PEP 
kinase, trypsin (2x crystallized) and bovine pan-
creatic ribonuclease (5x crystallized) from Sigma 
Chemical Co., St. Louis, U.S.A. High molecular 
weight poly (U) was purchased from Miles Chemi-
cal Co., Elkhart, U.S.A. Actinomycin D (Dactino-
mycin) was a gift from Merck, Sharpe and Dohme, 
Sydney, Australia; puromycin dihydrochloride 
(aminonucleoside) was obtained from Nutritional 
Biochemicals Corp ., Ohio, U.S.A. and Chloram-
phenicol from Parke, Davis and Co., Sydney, Aus-
tralia. All other chemicals were analytical grade. 
' 
The bulb cells of the hair follicle contain large 
masses of ribosomes that are often seen in clus-
ters or rosettes (5) although more recently, 
Forslind and Swanbeck (6) reported their fail-
ure to observe any grouping of the ribosomes 
into polysomes. 
This paper describes the isolation and charac-
terization of polysomes from guinea pig hair fol-
licles and reports some of the properties of cell-
free sy terns from this tissue. 
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Preparation of tissue. The source and prepara-
tion of "dispersed" hair-roots were as described in 
the previous paper (7) with the following modifi-
cations. All the procedures subsequent to and in-
cluding the exposure of hair-roots on wax sheets 
were carried out at 2-4°C. The solutions used in 
the isolation procedure contained 20 mM Tris-
HCI, pH 7.6, O.lM KCl, 40mM NaCl and 5 mM 
magnesium acetate (Medium A). Amino acid in-
corporation in vitro by preparations of dispersed 
hair-roots was optimal in this medium with the 
addition of mercaptoethanol to 6 mM (Medium 
B). Preparations of dispersed hair-roots were fil-
tered through 'Terylene' cloth and the filtrate was 
centrifuged at 10,000 X g for 10 minutes. The su-
pernatant fluid (S-10 fraction) was subsequently 
used in experiments. 
Preparation of ribosomes, polysomes and high-
speed supernatant fraction. It was shown previ-
ously (8) that simple centrifugation of dispersed 
hair-roots or of homogenized preparations of intact 
hair-roots at 105,000 X g after initial centrifugation 
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at 30,000 X g, yielded typical ribosomal pellets 
with no indication . of contaminating membranes. 
Although under the electron microscope numerous 
ribosomal particles could be seen in linear arrays 
suggestive of polysomes, the resuspension of the 
ribosomal pellets and their subsequent centrifuga-
tion on sucrose gradients provided profiles with a 
predominance of single ribosomes. 
A larger yield of polysomes was obtained when 
S-10 samples were layered in 5 ml portions over 
0.5M sucrose in polyallomer tubes and centrifuged 
at 50,000 rev./minute for 3 hours at 2°C in a 
Spinco SOT rotor. The pellets were resuspended in 
appropriate volumes of Medium A or Medium B. 
To obtain cell sap free of ribosomes, suitable 
volumes of S-10 fraction, prepared from dispersed 
hair-roots and Medium B, were centrifuged at 
105,000 X g for 2 hours. The resulting supernatant 
fluid was removed from the upper third of the tube 
and dialyzed (18/ 32 'Visking' tubing) for 3 hours 
against 200 vol. of Medium B. The dialyzed frac-
tion was then centrifuged at 105,000 X g for 2 hours 
and the upper third (S-100 fraction) was used im-
mediately. 
Separation of polysomes on sucrose gradients. 
S-10 fractions and ribosomal suspensions ( 1 ml 
portions) were layered on 28 mllinear gradients of 
5-25% or 15-30% sucrose in Medium A. The gra-
dients in cellulose nitrate tubes were centrifuged at 
25,000 rev./minute for 2-3 hours at 2oC in a 
Spinco SW 25.1 rotor. After centrifugation, frac-
tions were collected from the punctured bottoms of 
the tubes and the absorbance at 260 m,u of each 
fraction was recorded in a Shimadzu QV50 spectro-
photometer. 
Electron mircoscopy of polysome fractions after 
sucrose gradient centrifugation. Samples of ribo-
somes were transferred from fractions of the poly-
some profiles onto carbon-coated grids and were 
allowed to stand for 10 minutes. They were then 
washed with decreasing concentrations of sucrose 
in Medium A and finally in Medium A alone. 
Polysomes were negatively-stained with 2% uranyl 
acetate, pH 4.5. Improved preservation of poly-
some fractions was obtained for electron micros-
copy when 10% (v/v) formalin was included in the 
sucro e gradients with phosphate buffer replacing 
Tris buffer. 
Amino acid incorporating systems. (a) Condi-
tions for the incorporation of 14C-labeled amino 
acid in -10 fractions: dispersed hair-roots were 
harvested from one guinea pig with 20 ml Medium 
B. The S-10 fraction wa dialyzed (18/ 32 'Visking' 
tubing) for 4 hours again t 1,000 vol. of Medium 
B and used in the following assay. The standard 
incubation mixture contained in a final volume of 
0.5 ml: 80 ,ul dialyzed S-10 fraction, 3 m,u mole 
L-14C-phenylalanine or 5 m,u mole L-14C-leucine 
and a mixture of unlabeled amino acids (minus 
phenylalanine or leucine) containing 1.0 m,u mole 
of each amino acid, 0.25 ,u mole ATP, 50 m,u mole 
GTP .. ~ JJ. mole PEP, 25 ,ug PEP kinase, 10 ,u mole 
Tri -HCl buffer, pH 7.6, 2.5 u mole magnesium 
acetate, 30 ,u mole KCl and 3 ,u mole mercapto-
ethanol. Reaction mixtures were incubated at 37°C. 
The incubation times, conditions for added poly (U) and inhibitors varied; information is given in 
the legend of each figure or table. (b) Conditions 
for the incorporation of 14C-labeled amino acid in 
ribosomal suspensions: the standard incubation 
mixture was similar to that used for S-10 fractions 
except that the dialyzed S-10 fraction was replaced 
with 50 ,ul S-100 fraction (equivalent to 1.0 mg 
protein) and a ribosomal suspension containing ap-
proximately 0.3 mg protein. L-14C-phenylalanine 
was employed in this system. 
Assay procedures for incorporated label. Amino 
acid incorporation was stopped by adding to each 
incubation mixture 0.5 ml cold 10% trichloroacetic 
acid containing a mixture of 0.1 % unlabeled amino 
acids . After heating to oooc for 30 minutes, pre-
cipitated protein was dissolved in O.lN N aOH . 
Suitable samples of protein were precipitated with 
10 % trichloroacetic acid onto 2.5 em-diameter 
membrane filter (Millipore, type HA) , wa hed 
with 20 ml 10 mM acetic acid and oven-dried at 
60°C. Filters were placed in glass vials with toluene 
containing 0.5 % PPO and 0.03 % dimethyl POPOP 
and counted in a Packard liquid scintillation spec-
trometer. The counting efficiency for 14C under 
'balance-point' conditions was approximately 90 %. 
Total protein was determined according to the 
method of Lowry et al. (9). 
RESULTS 
Separat?.on of Ribosomes and Polysomes 
on Sucrose Density Gradients 
In an attempt to separate ribo omes and poly-
ames into different cla ses according to size, 
the po t-mitochondrial supernatant ( -10 frac-
tion) of di~per ed hair-root wa ubjected to 
sucrose gradient centrifugation. A typical poly-
orne profile i shown in Figure 1. It was consid-
ered that the peak at fraction 16 contained in-
gle ribo omes, and the subsequent peak at frac-
tions 13, 11, 6, 4 and 1 ·were due to poly omes of 
. . . 
mcreasrng s1ze. 
It can be seen in Figure 1 that fractions 21, 22 
and 23 contain a large proportion of the U .V .-
ab orbing material (most likely soluble protein 
and RNA) of the S-10 fraction. It was thought 
that if the ribosomal material was first epa-
rated from thi oluble fraction a greater yield 
could be obtained for further gradient tudie . 
Further, it hould be noted that sodium deo)..~r­
cholate treatment (10) was excluded from the 
procedure after it was shown to have no effect 
on the yield or di tribution of polysomes from 
hair-root preparation . The results of u ing thi 
technique to obtain poly orne profiles from dis-
per ed hair-roots and the effects of added ribo-
nuclea e are shown in Figure 2. More ribo omal 
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Fra. 1. Polysome profile from S-10 fraction. Dispersed hair-roots were harvested with 10 
ml Medium A and filtered through 'Terylene' cloth. The S-10 fraction was obtained by 
centrifuging the filtrate at 10,000 X g for 10 minutes. A 1.0 ml aliquot of S-10 was layered 
over a 5-25% sucrose gradient and centrifuged at 25,000 rev./minute for 2 hours at 2°C in a 
Spinco SW 25.1 rotor. After centrifugation, 24 drop fractions were collected and the 
absorbance at 260 m}L was recorded. B and T represent the bottom and top of the gradient 
tube. 
material could be added to the sucrose gradients 
(e.g. cf. absorbance of profile in Fig. 1) because 
of the concentrating effect of this technique and 
the removal of soluble fraction (fractions 26 to 
30). As described for the profile in Figure 1 it 
was considered that the peak at fraction 24 con-
tained single ribosomes and the subsequent 
peaks down the gradient represented polysomes 
of increasing size. This was partly substantiated 
by showing that the linkages between aggre-
gated, single ribosomes were susceptible to added 
ribonuclease for in Figure 2, the number and 
sizes of the peaks down the gradient were con-
siderably reduced with a concomitant increase in 
the peak at fraction 24. 
To verify further our interpretation of the 
polysome profiles, samples from each fraction 
were negatively-stained for examination in the 
electron microscope. Figure 3 shows electron mi-
crographs of samples from fractions 24, 21, 19, 
15 and 7 as well as a sample of the ribosomal 
suspension befor~ centrifugation on the sucrose 
gradient. Formalin was included in the gradient 
in an attempt to stabilize polysomes for subse-
quent electron microscopy. The absorbance val-
ues of profiles with or without formalin were 
almost identical. Fraction 24 consisted of single 
ribosomes (Fig. 3A) measuring approximately 
220 A in diameter with no contamination by 
other particles. Fraction 21 contained mainly di-
mers (Fig. 3B), fraction 19 trimers (Fi11. 3C), 
fraction 15 pentamers (Fig. 3D) and fraction 7 
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Fro. 2. Effect of added ribonuclease on the polysome profile of a ribosomal suspension. Dispersed hair-roots were harvest with 30 ml Medium A and filtered through 'Terylene' 
cloth. The filtrate was centrifuged to provide the S-10 fraction. Ribosomes were isolated from the S-10 fraction by centrifugation through 0.5M sucrose as described in MATERIALS AND 
METHODS and the ribosomal pellets were resuspended in 3.0 ml Medium A. Then 0.1 p.g 
ribonuclease was added to 1.0 ml ribosomal suspension and incubated at 2°C for 10 minutes. This sample and a 1.0 ml aliquot of untreated ribosomal suspension were layered on 15-30% 
sucrose gradients and centrifuged at 25,000 rev./minute for 3 hours at 2°C in a Spinco SW 25.1 rotor. After centrifugation, 16 drop fractions were collected and the absorbance at 260 m,u was recorded. ( • ) untreated control, (Q) incubated with added ribonuclease. B and T represent the bottom and top of the gradient tube. 
group of to 10 ribosomes (Fig. 3E) . A sample 
of the ribo omal u pen ion before it was centri-
fuged through the gradients (Fig. 3F) illustrates 
the poly ames of various size"' that were ob-
tained from di per;::ed hair-root by this method. 
Fine strands which connect adjacent ribosomes 
and tained 'cleavage furrows' within ribo omes 
can be een in a number of these samples. 
Amino Acid Incorporation Studies 
L-14C-phenylalanine and L-14C-leucine incor-
poration in S-10 fractions. Fig. 4 indicates that 
the S-10 fraction actively incorporated labeled 
phenylalanine in vitro fo r about 30 minutes. 
Added poly (U) increased the incorporation pe-
riod to at lea t 120 minutes. When poly (U) was 
added either at the beginning of the assay or 60 
minutes after incubation, amino acid incorpora-
tion was stimulated four-fold within 30 minutes. 
The re ults in Table I show that the incorpo-
ration of labeled leucine in the 8-10 fraction was 
almost completely inhibited by ribonuclease and 
the higher concentration (120 ,ug/0.5 ml assay) 
of added puromycin. A lower concentration of 
puromycin (12 ,ug/ 0.5 ml assay) inhibited incor-
poration to about 50% of the control. Chloram-
phenicol and actinomycin D, in the concentra-
tions employed, did not affect incorporation in 
vitro in this system. In accord with the results 
in Figure 4 for labeled phenylalanine incorpora-
t ion, it was found (data not shown) that a 20 
minute-preincubation at 37°C of S-10 fraction 
inhibited the subsequent incorporation of labeled 
leucine. 
L-14C-phenylalanine incorporation in riboso-
mal suspension. Some characteristic of labeled 
phenylalanine incorporation by the ribosomal 
system are indicated in Table II . Incorporation 
was dependent on the presence of ribosomes, 
-100 fraction and an energy source. Phenylal-
anine incorporation was completely inhibited by 
ribonuclease but was stimulated over nine-fold 
by added poly (U) ( 40 ,ug/ ml). 
DISCUSSION 
We have previously reported (8, 11) that ri-
bosomes exist in hair follicle tissue and have 
shown that crude tissue homogenates incorpo-
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FIG. 3. Electron micrographs of ribosomes and polysomes isolated from guinea pig hair 
follicle tissue by sucrose gradient centrifugation. Samples were prepared for electron micros-
copy (see MATERIALS AND METHODS) from fractions of a polysome profile, similar to that shown 
in Fig. 2. which contained 10% (v/v) formalin and phosphate buffer in lieu of Tris buffer. A, 
single ribosomes from fraction 24 (see Fig. 2 for relevant fraction numbers) , arrows indicate 
ribosomes with stained 'cleavage furrows '. B, aggregates of two ribosomes from fraction 21, 
arrows indicate fine strands which connect adjacent ribosomes. C, aggregates of three 
ribosomes from fraction 19, arrows as in B. D ., aggregates of five ribosom s from fraction 15. 
arrows as in B. E , aggregates of eight to ten ribosomes from fraction 7. F , a sample of the 
ribosomal suspension (not treated with ribonuclease) that was layered on sucrose density 
gradients. An area of the grid was chosen which was relatively free of the numerous single 
ribosomes. A string of six ribosomes (boxed) can be seen, each displaying a dark, 'stained' 
furrow. The bars represent 0.1 ,u.m. 
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rate labeled amino acids. In the present work we 
have outlined procedures for isolating and char-
acterizing ribosomal aggregates (polysomes) and 
defined some of the properties of amino acid 
incorporating systems obtained from hair folli-
cles . 
The separation of polysomes on sucrose den-
sity gradients was best achieved by firstly cen-
trifuging the post-mitochondrial supernatant 
through O.SM sucrose. This 'concentrating effect' 
removed most of the soluble proteins from ex-
tracts and permitted the addition of larger 
amounts of ribosomal suspensions to sucrose 
density gradients. The use of formalin in sucrose 
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FIG. 4. Rate of LYC-phenylalanine incorporation in S-10 fraction in the presence ( e ) 
and absence (0) of poly (U). Reaction mixtures and assay procedure were as described in 
MATERIALS AND METHODS. Poly (U) was included at a concentration of 10 1-'g/mixture and 
incubations were stopped at the times indicated. 
TABLE I 
Effects of inhibitors of L-14C-leucine incorporation 
in S-10 fractions 
The incorporating systems were as described in 
MATERIALS AND METHODS for L-14C-leucine in 8-10 
fractions. Also added were chloramphenicol or ri-
bonuclease or actinomycin D or puromycin in the 
amounts indicated. Reaction mixtures were in-
cubated for 30 minutes. 
Per cent incorporation& 
of L-t4C-leucine into 
Inhibitor added 
protein 
Experiment Experiment 
lb 2 
Nil (Control) 100c 100 
Chloramphenicol, 0.3 mg 90.0 85.0 
Chloramphenicol, 3 mg 92.5 80.6 
Ribonuclease, 5 JJ.g 4.3 1.8 
Ribonuclease, 50 JJ.g 3.9 2.2 
Actinomycin D , 5 JJ.g 94.3 100.8 
Actinomycin D, 50 JJ.g 101.8 109.7 
Puromycin, 12 JJ.g 43.4 51.5 
Puromycin, 120 JJ.g 6.4 3.5 
a The values given are the mean of tri plicate 
analyses. 
b -10 fractions from different guinea pigs were 
used in Experiments 1 and 2. 
c The mean activities in the controls were 139 
m"Ci/mg protein and 113 ffi#'Ci/mg protein for 
Experiments 1 and 2 respectively. 
gradients improved to a marked degree the sub-
sequent characterization by electron microscopy 
of poly omes of different size classes. Their dis-
sociation into single ribosomes after ribonuclease 
treatment points to their being held together by 
a strand of RNA, presumably mRN A, as in 
other systems. The size of polysomes is assumed 
to correlate with the length of the mRNA mole-
cules; although polysome profiles of similar 
shape were obtained from different hair-root 
preparations it would be premature to make any 
assumptions on the distribution of polysomes in 
the intact follicle cell and hence on the sizes of 
the mRNA molecules. This is particularly rele-
vant in tissues which are known to contain an 
active ribonuclease. The use of some known ri-
bonuclease inhibitor (bentonite, polyethylene 
sulfonate and polyvinyl sulfate) in the routine 
extraction of ribosomes from dispersed hair-
root only served to lower the yields of ribosomes 
e:\i.racted presumably by non-specific adsorption. 
tudie (3 , 12) on the presence of an active ribo-
nuclease and a ribonuclease inhibitor in rat liver 
empha ize the need for caution in comparing 
polysome population in vitro with their possible 
distribution in vivo. 
It was determined that the ribosomal popula-
tion was active in protein synthesis and that 
hair follicle tissue contained the remainder of 
those factors required in other systems for this 
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function. The S-10 fraction incorporated labeled 
leucine. It was found that dialysis of the S-10 
fraction produced labeled proteins with a higher 
specific activity. This suggests that the high con-
centrations of free amino acids present in hair 
follicle tissue (13) was a possible cause of the 
low specific activity of labeled proteins usually 
obtained. The fact that added ribonuclease and 
puromycin inhibited this incorporation and that 
chloramphenicol and actinomycin D had no ef-
feet, further upported the theory that protein 
synthesis in hair follicle tissue involved a mRN A 
species. 
A " reconstituted" cell-free system consisting 
of the ribo omal fraction, soluble enzymes and 
an energy source produced labeled protein with 
a pecific activity similar to that obtained with 
the S-10 fraction. This incorporation was also 
sensitive to ribonuclease. 
It is important to note that in the many pro-
files obtained from this system there was always 
a greater proportion of single ribosomes pre ent. 
AI o, pre-incubation of the S-10 fraction for 20 
minutes completely suppressed any subsequent 
incorporation of labeled leucine. These facts, to-
gether with the demonstration of a large stimu-
lation of labeled phenylalanine incorporation by 
poly (U), suggested that an endogenous ribonu-
clease i active in preparations of hair follicle 
t issue. This aspect will be reported elsewhere 
(14). 
In a recent report (15), the conditions for 
protein synthesis in mammalian epidermis in 
vitro resembled, in most respects, those features 
described for hair follicle tissue in the present 
work. This i not surprising in view of the com-
mon origin and the characteristic products of 
these differentiating tissues. An interesting ex-
ception was the presence of only single ribo-
somes and dimers in epidermis extracts whereas, 
in the pre ent work, both ribosomes and large 
aggregates (polysomes) were separated from 
dispersed hair-roots. 
It is emphasiz.ed that there i ~ no direct evi-
dence from these studies to suggest that the 
ribosomal pathway is the only mechanism of 
protein synthesis in this tissue. Further, it can-
not be assumed that the mechanism studied is 
that involved in the specific synthesis of keratins 
and other structural proteins. Nevertheless, the 
renults do indicate that the accepted pathways 
for protein synthesis in other mammalian sys-
tems are present in the hair follicle. 
TABLE II 
C haracteristic8 of L -14C -phenylalanine incorpora-
tion in ribosomal suspensions 
The incorporating systems and assay procedures 
were as described in MATERIALS AND METHODS 
for L-14C-phenylalanine in ribosomal suspensions. 
Reaction mixtures were incubated for 30 minutes. 
Per cent 
incorporationa of 
L-14 C-phenyl-
Reaction mixture 
alanine into 
protein 
Experi- Experi-
ment tb ment 2 
Complete 100° 100 
- Ribosomal suspension 3.4 7.0 
- S-100 fraction 9.2 13 .6 
- ATP, PEP and PEP kinase 4.9 5.8 
+ poly (U), 20 Mg 943.1 1040.4 
+ Ribonuclease, 5 J.l.g 0 2.9 
a The values given are for one analysis in ex-
periment 1 and the mean of triplicate analyses for 
Experiment 2. 
b Cell -free components from different guinea 
pigs were used in Experimen ts 1 and 2. 
c The mean activities in the controls were 102 
mJJ.Ci / mg protein and 120 rni-'Ci / mg protein for 
Experiments 1 and 2 respectively. 
ADDENDUM 
After the submission of this paper, the paper 
entitled "Hair Root Cell-Free Protein Synthesis" 
by Irwin M . Freedberg, M.D. appeared (J. Invest. 
Derm., 64: 108, 1970). Both papers extend the find-
ings of Rogers and Clarke (p. 329, Biology of the 
Skin and Hair Growth, 1965) in which it was shown 
that a biochemical examination of protein synthe-
sis in hair follicle tissue was feasible by special 
techniques and that protein synthesis was ribosome 
dependent. In the present paper, the authors dem-
onstrate the adequacy of the wax depilation pro-
cedure and maintain this view notwithstanding 
Freedberg's criticisms. It must be admitted that 
any mass-depilation procedures should be used 
carefully. 
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